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Rhodopsin dimers in native disc membranes 

Neat rows of paired photon receptors are caught on camera in their natural state. 



in vertebrate retina] photoreceptors, the 
rod outer-segment disc membranes con- 
tain densely packed rhodopsin molecules 
for optimal light absorption and subse- 
quent amplification by the visual signalling 
cascade', but how these photon receptors 
are organized with respect to each other is 
not known. Here we use infrared-laser 
atomic-force microscopy to reveal the 
native arrangement of rhodopsin, which 
forms paracrystalline arrays of dimers in 
mouse disc membranes. The visualization 
of these closely packed rhodopsin dimers 
in native membranes gives experimental 
support to earlier inferences about their 
supramolecular structure^'^ and provides 
insight into how light signalling is 
controlled. 

When activated by a single photon, 
rhodopsin induces dissociation of the sub- 
units of transducin molecules, which are 
heterotrimeric G proteins that amplify the 
light signal. The structure of rhodopsin, 
which has been soIved^ indicates that it 
is a prototypical member of subfamily A 
of G-protein-coupled receptors (GPCRs), 
which represents about 90% of all GPCRs. 
The oligomerization^ of these GPCRs 
may be important for their own regulation 
and for interaction with their cognate 
G proteins. 

The probability of single-photon 
absorption by rhodopsin molecules is 
increased by their packing arrangement 
on the tightly stacked rod outer-segment 
disc membranesl To investigate this 
organization of rhodopsin, we isolated 
rod outer-segment disc membranes from 
mouse retinae, using a protocol that 
preserves the full biological activity and 
organization of rhodopsin in the lipid 
membrane'' (Y.L. et al, manuscript sub- 
mitted). 

Atomic-force microscopy revealed single- 
layered disc membranes that were 7-8 run 
thick and circular in shape (diameter, 
0.9-1.5 \im). Occasionally, complete discs 
with two stacked membranes were also 
seen; the thickness of these was 16-17 nm. 
The most frequently observed surface type 
(Fig. 1. region 1) was 7.8 ±0.2 nm thick 
(/J =55) and had a markedly textured 
topography consisting of densely packed 
lines. Lipid bilayers had an unstructured 
topography (Fig. 1. region 2), a height of 
3.7 ±0.2 nm (/7 = 86), and were often seen 
at the borders of disc membranes. The mica 
support (Fig. 1, region 3) had no structural 
features, as expected. 

The highly textured surface was assigned 
as cytoplasmic in view of its relative stiff- 




Figure 1 Deflection image of a native eye-disc membrane 
adsorbed on mica, visualized by atomic-force microscopy 
(Nanoscope Muitimode. Digital insiruments). Three different 
surface types are evident: 1. the cytoplasmic side of the disc 
membrane; 2, lipid; and 3. mica. To avoid die formation of opsin, 
the chromophore-depleted form of rhodopsin^ membrane 
samples were never exposed to tight. After adsorption of 
osmoticaliy shocked disc membranes onto mica, their topography 
was measured in buffer solution (20 mM Tris-HCt (pH 7.8). 
1 50 mM KQ and 25 mM MgCy. Scale bar, 200 nm. 

ness. At high magnification, the topography 
(Fig. 2a, c) revealed rows of rhodopsin pairs 
densely packed in paracrystalline arrays. 
Packing densities were 30,000-55,000 
rhodopsin monomers per ^im^ with an 
average density of 48,300 ±8,300 mono- 
mers per |jLml 

We deduced the dimensions of the 
rhodopsin pairs from the angularly averaged 



powder-diffraction pattern (Fig. 2a, inset, 
and b, arrows) : the innermost arc peaks at 
(8.4 nm)"', which results from regularly 
packed double rows of protrusions; the 
next ring, at (4.2 nm)"', reflects the 
second-order of the double-row repeat, 
and the axial repeat of the paired 
rhodopsins that form these rows yields a 
third ring at (3.8 nm)"'. From real space 
measurements, we found the distance 
between the protrusions within each 
pair to be 3.8 ±0.2 nm (;7=40) and the 
angle between the lattice vectors to be 
85 ±2^^ (n=8). 

From these dimensions, the highest 
possible packing density is 62,900 
rhodopsin monomers per \xm\ At higher 
magnification (Fig. 2c), it can be seen 
that almost all rhodopsin molecules are 
present in rows of dimers, with a few 
monomers and some single rhodopsin 
pairs that have broken away from the 
rows. This direct demonstration of dis- 
tinct, densely packed rows of dimers at 
high resolution is consistent with the 
proposed dimeric form of native GPCRs 
that has been inferred from biochemical 
and pharmacological analysis^ and from 
evolutionary trace analysis^ 

The oligomeric organization of GPCR 
signalling molecules has important implica- 
tions for G-protein recognition, binding 
kinetics, signal amplification and signal 
termination. The shape and dimensions 
of the paracrystalline unit cell set stringent 
boundaries for the dimer configuration, the 
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Figure 2 Organization and topography of the cytoplasmic surface of rhodopsin. a, Topograph obtained using atomic-force microscopy, 
showing the paracrystalline arrangement of rhodopsin dimers in the native disc membrane. Inset, arcs in the calculated powder- 
diffraction pattern reHeci the regular arrangement of rhodopsin in the membrane, b, Angularly averaged powder-diffraction pattern, 
shov^ing peaks at (8.4 nm)-\ (4.2 nm)"^ and (3.8 nm)-\ c, Magnification of a region of the topograph in a. showing rows of rhodopsin 
dimers, as well as individual dimers (inside dashed ellipse), presumably broken away from one of the rows, and occasional rhodopsin 
monomers (arrowheads). The rhodopsin molecules protrude from the lipid bilayer by 1.4 ±0.2 nm (n= 111). The topograph in c is 
shown in relief, tilted by 5°. Vertical brightness ranges: 1 .6 nm (a and c). Scale bars: a. 50 nm; inset. (5 nm)" '; c, 15 nm. 
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intra-diiner contacts and the formation of 
oligomers that consist of greater numbers 
of units (Protein Data Bank accession 
number, 1N3M). 
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Coulomb fission 

Rayleigh jets from 
levitated microdroplets 

Electrified droplets are generated in 
thunderstorm clouds, as well as in 
technological applications such as ink- 
jet printing and electrospray ionization, 
but they become unstable when charged 
beyond the Rayleigh limit'. Here we record 
the dynamics of the disintegration process 
by examining levitated droplets under 
high-speed microscopy. These images may 
help to explain one of the oldest unsolved 
problems in experimental and theoretical 
physics. 

Lord Rayleigh showed that the spherical 
shape of a drop of radius surface tension 
(T and charge Q, remains stable as long as 
the fissility X= Q^/(64'i7^€oa-ao^) does not 
exceed unity'. As approaches unity, the 
quadrupole deformation is the first to 
become unstable; when A increases beyond 
unity, however, an instability occurs that is 
associated with the formation of fine jets 
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(known as Rayleigh jets) "whose fineness, 
however, has a limit" \ Although this 
conjecture has since been examined both 
experimentally^"' and theoretically^'^ the 
mechanics of the break-up of these charged 
droplets and the details of the jets* fmeness 
remain unclear. 

We used high-speed microscopic images 
to observe the disintegration of droplets 
charged to the Rayleigh limit and the 
production of Rayleigh jets. In our experi- 
mental set-up, a charged droplet of ethylene 
glycol is produced by using a piezo-driven 
nozzle and is suspended in an electro- 
dynamic levitator; the droplet is illuminated 
by an unfocused He-Ne laser and the 
mass/charge ratio and the radius of the 
droplet are determined in real time by 
analysis of the scattered light^ l 

At the moment of injection, the droplet 
radius, a^, is 58 |xm and its charge is about 
3.3 picocoulombs. It subsequently shrinks 
through evaporation of neutral molecules, 
reaching the Rayleigh limit of stability at a 
radius of about 24 |xm. just before this 
point, the amplitude of the quadrupole- 
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Figure 1 High-speed imaging of the disintegration of a levitated droplet charged to the Rayleigh limit. The droplei (radius, 24 \im) is 
imaged on a vertical charge-coupled-device array lo determine and control its vertical position in the leviiator. and on a pholomultiplier 
that detects instability-onset, quadrupole-sliaped oscillations of the droplet. These oscillations trigger a signal to a fiashlamp that fires 
after a predefined delay. M The image is observed through a microscope with a long working distance (Mitutoyo). a-f, Microscopic 
images taken at M values (in \is) of: a, 140; b, 150; c, 155; d. 160: e, 180, and f, 210. The droplet changes from a sphere to an 
ellipsoid (a), tips appear al the poles (b) and a fine jet of liquid is ejected from each tip (c); the jets disintegrate (d) and the elliptical 
droplet reassumes a spherical shape (e, f). Further experimental details are available from the authors. Scale bar, 100 p-m. 



shaped oscillation of the droplet increases 
drastically^ triggering a signal to a fast 
ilashlamp that fires after a predefined delay, 
Af, and is recorded by a digital microscope 
as a still image of the droplet. This process 
is repeated with subsequent droplets, using 
increasing delay times. 

These microscopic images of the 
disintegration process of our levitated 
microdroplets are reproduced in Fig. la-f. 
During the first 150 fxs, the droplet stretch- 
es from a sphere into an ellipsoid, as pre- 
dicted by Rayleigh (Fig. la). It then 
develops two sharp tips on the poles of the 
ellipsoid (Fig. lb). Almost instantaneously 
after tip formation, a fme jet of liquid is 
ejected from both tips in opposite direc- 
tions (Fig. Ic). This jet later disintegrates 
into fme droplets (Fig. Id) that are repelled 
from the mother droplet by Coulomb 
repulsion. The tip edges disappear after the 
ejection of the jet (Fig. le) , and the barrel- 
shaped parent droplet then contracts until 
it regains spherical symmetry after about 
210 \is (Fig. If). 

During the jet s disintegration, roughly 
100 small daughter droplets are formed, 
which carry 33% of the total charge and 
constitute about 0.3% of the mass of the 
mother droplet. The diameter of the jet is 
determined from higher-resolution images 
to be 1.5 [jum: the droplets generated during 
disintegration are of roughly the same size 
and are themselves close to a fissility of 
X^^^-l and so presumably undergo a 
Rayleigh instability soon afterwards. 

As this behaviour is independent of the 
levitator voltage, we argue that it must 
correspond closely to that of free, highly 
charged droplets. But, in contrast to Lord 
Rayleigh's prediction, we observed the jets 
at a fissility of unity, indicating that 
renewed investigation will be necessary to 
explain the complex hydrodynamics of this 
century-old problem. 
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